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Abstract 

We study the statistical properties of Z-vortices and Nambu monopoles in the 
3D SU(2) Higgs model for a Higgs mass Mh ~ 100 GeV near and above the 
crossover temperature, where these defects are thermally excited. Although there 
is no phase transition at that strong selfcoupling, we observe that the Z-vortices 
exhibit the percolation transition that has been found recently to accompany the 
first order thermal transition that exists at smaller Higgs mass. Above the crossover 
temperature percolating networks of Z-vortex lines are ubiquitous, whereas vortices 
form a dilute gas of closed vortex loops and (Nambu) monopolium states on the 
low-temperature side of the crossover. The percolation temperature turns out to 
be roughly independent of the lattice spacing. We find that the Higgs modulus 
is smaller (the gauge action is larger) inside the vortices, compared to the bulk 
average. This correlation becomes very strong on the low-temperature side. The 
percolation transition is a prerequisite of some string mediated baryon number gen- 
eration scenarios. 
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1 Introduction 



According to recent lattice studies (T|, ^, ||, Q it is very likely that the standard 
electroweak theory does not go through a true phase transition at finite tempera- 
ture. The 3D SU (2) Higgs model, which with a t-quark of appropriate mass is the 
effective, dimensionally reduced version of the electroweak theory, ceases to possess 
a first order transition for a Higgs mass Mjj > 72 GeV. At larger values of Higgs 
mass the model investigated merely experiences a smooth crossover ||. Due to 
the quantitative similarity of the phase transitions in the SU{2) Higgs and in the 
SU(2) x U(l) Higgs H models and taking the current experimental lower bound |7j 
of the Higgs boson mass, Mh > 89.3 GeV, into account, the statement above is 
highly justified. 

Within the most popular baryon number generation (BG) scenarios a suf- 
ficiently strong first order transition is required. Therefore the search for viable 
extensions of the standard model and the study of their phase structure has be- 
come an important direction of research. Nevertheless, last but not least in view of 
possible alternative BG mechanisms, it is still of some phenomenological interest to 
study features of the standard model which change qualitatively at some characteris- 
tic temperature (at the W mass scale). For instance, a variation of the diffusion rate 
of the Chern-Simons number || and a changing spectrum of screening states [1C] 
could be the analogue of the phase transition that exists at low Higgs mass. 

Very recently, we have shown [11] that the first order phase transition at Mh < 
70 GeV is accompanied by a percolation transition^ experienced by certain kinds of 
topological defects. This issue is a very new one in the field of lattice studies of the 
electroweak transition, and various aspects have still to be clarified. In this paper we 
shall describe what remains of this percolation transition when the thermal phase 
transition changes into a rapid crossover at higher Higgs mass. 

This paper is the second of a series of studies we want to devote to the statis- 
tical properties of so-called embedded topological defects [13, 14| within the SU{2) 
Higgs model. The embedded defects of interest are Nambu monopoles [|l5| and 
Z-vortices [15, [R]]. Although not stable topologically, these defects are seen oc- 
curring as the result of thermal fluctuations. Here we are able to show that the 
percolation transition mentioned above persists at higher Higgs mass. We also pro- 
vide first evidence that Z-vortices are indeed characterized by inhomogeneities of 
gauge invariant quantities (gauge field action and Higgs field modulus) that should 
be expected because of the appearance of corresponding vortex solutions in the 
continuum. 

Embedded topological defects might be important agents in some electroweak 
baryogenesis mechanisms. One of such scenarios is based on the decay of an elec- 
troweak string network as the Universe cools down. According to this mechanism, 
long electroweak strings should decay into smaller, twisted and linked string loops 
which carry non-zero baryon number. This could then explain the emergence of 
non-zero baryon number in the Universe [17, [l~S[j. We have nothing to contribute to 



a This is in agreement with an observation of Ref. made in a different context, that a percolation 
of strings is a good disorder parameter for a phase transition in field theory. 
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this mechanism as such nor to the kinetics of such decaying network. In our paper 
we merely study the properties of the embedded strings as they pop up in thermal 
equilibrium of the SU(2) Higgs model. Similar to what we have found earlier in 
the symmetric phase (when it can be clearly separated by a first order transition 
at lower Higgs mass) our results show the existence of a network of Z-vortices on 
the high-temperature side of the crossover, with finite probability of percolating (at 
T > T perc ), while only smaller clusters occur below T perc , however much more fre- 
quently than at lower Higgs mass. Some of these clusters have open ends occupied 
by Nambu monopoles. This suggests a BG scenario without a first order phase 
transition according to which a large vortex cluster might decay into small vortex 
pieces at some temperature. 

In this work, a vortex cluster is a collection of connected dual links which carry 
non-zero vorticity (are occupied by vortex trajectories). We have used an active 
bond percolation algorithm known from cluster algorithms for spin models [19] in 
order to label various disconnected Z-vortex clusters that coexist in a configuration. 

Our investigation is performed in the framework of dimensional reduction which 
is expected to lend a reliable effective description of the AD SU (2) Higgs theory for 
Higgs masses between 30 and 240 GeV at temperatures of 0(100) GeV. Due to their 
relatively rich abundance on the low temperature side in the crossover region, the 
physics of distinct vortex loops and monopolium states (thought to be the remnants 
of the percolation cluster (s)) is sufficiently interesting to be studied more in detail 
and within the 4D Euclidean approach. Equally interesting would be the space- 
time structure of the vortex networks in the percolating phase. In our present 
3-D approach, we can get only some rough anticipation of what is going on in AD: 
the average 3D densities might be time-projected densities (describing the vortex 
network above or the small vortex clusters below the percolation temperature). In 
the 4D Euclidean version of the model the vortex lines we are studying would sweep 
out 2-dimensional world surfaces. The clusters of filamentary embedded vortex 
defects that we observe in the dimensionally reduced variant are compactifications 
of these world surfaces or intersections with time slices. In the present paper, we 
have for the first time studied the 3D cluster statistics (the number and length 
distributions) of the configurations. 

The structure of the paper is as follows. We review the effective, dimensionally 
reduced formulation of the electroweak theory as a 3D SU(2) lattice Higgs model in 
Section 2. In this section, for the convenience of the reader, we also formulate the 
lattice definitions of the (elementary and extended) embedded topological defects 
proposed in Refs. [20, [Tl} |. In Section 3 we present the numerical results on the 
density of Nambu monopoles and vortices and on the percolation probability of the 
corresponding Z-vortex lines in the crossover region. We show how the average 
number of lattice clusters (formed by vortex lines) and the average length (i.e. 
the number of dual links with non-zero vorticity) of vortex clusters changes at the 
transition. We also give some first results on gauge invariant signatures showing that 
the vortices provide a filamentary inhomogeneous structure of the system. Section 4 
contains a short discussion of our results and conclusions. 
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2 Nambu Monopoles and Z— Vortices in the 
Lattice SU(2) Higgs Model 

For the investigation of the thermal equilibrium properties of the defects to be 
defined below we used the lattice 3D SU (2) Higgs model with the following action: 



(the summation is taken over plaquettes p, sites x and links I = {x, fj,}). The action 
contains three parameters: the gauge coupling (3q, the lattice Higgs self-coupling (3r 
and the hopping parameter 0h- The gauge fields are represented by unitary 2x2 
link matrices U x u and U p denotes the SU (2) plaquette matrix. In this action, the 
Higgs field is parametrized as follows: & x = p x V x , where p x = |Tr($+$ x .) is the 
Higgs modulus squared, and V x an element of the group SU(2). Later on, the 2x2 
matrix-valued Higgs field Q x is replaced by the more standard isospinor notation 

o, @?,*£f. 

The lattice parameters are related to the couplings of the 3D superrenormaliz- 
able SU(2) Higgs model in the continuum, 53, A3 and 777,3(^3 = g^) as given e.g. in 
Q. As in (l| a parameter M* H is used (approximately equal to the zero temperature 
physical Higgs mass) to parametrize the Higgs self-coupling as follows: 

As/% If Mjj \ 2 /3| 
PR fife 8U0GevJ p G ' {1) 

Lattice coupling /3g and continuum coupling g^ are related by 

with a being the lattice spacing. We have studied the model at different gauge 
couplings Pg i n order to qualitatively understand the appearance on the lattice of 
embedded defects of some characteristic physical size using lattices with different 
lattice spacing such that, eventually, the continuum limit can be accessed. This 
requires to define operators which count extended defects of arbitrary size in lattice 
units. 

Let us first recall the definition of the elementary topological defects. The gauge 
invariant and quantized lattice definition |2(j] of the Nambu monopole is closely 
related to the definition in the continuum theory |l5|]. First we define a composite 
adjoint unit vector field n x = n a x o a , n a x = —(<f>^a a 4> x )/(4>^(j) x ) with a a being the 
Pauli matrices. In the following construction, the field n x plays a role similar to 
the direction of the adjoint Higgs field in the definition of the 't Hooft-Polyakov 



monopole |2lJ] in the Georgi-Glashow model. Here it is used to define the gauge 



invariant flux 9 p carried by the plaquette p, 

9 p (U,n) = a rg{TT[(l + n x )V x ^V x+ ^V+ + ^V+ l ]), (3) 
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in terms of projected links 



Vx,n(U, n) = U X}ft + n x U Xtft n x+ p, . 

In the unitary gauge, with <f> x = (0, ip) T and = <5 a3 , the phases 9f = argC/; 11 
behave as a compact Abelian field with respect to the residual Abelian gauge trans- 
formations Q^, bel = e. m3C " x , a x G [0, 2tt) which leave the unitary gauge condition 
intact. Instead of in terms of the plaquettes 9 P of this Abelian field, the magnetic 
charge of Nambu monopoles - the topological defects of this Abelian field - can 
alternatively be defined using a gauge invariant construction f20[| . The monopole 
charge j c carried by the cube c can be expressed in terms of the gauge invariant 
fluxes (||) passing through the surface dc: 

i c = ~ 2^ 12 h ' = ( 6 p ~ 27rm p) e t _7r ' 7r ) • ( 4 ) 

pG<9e 

The Z-string [16, [l5| corresponds to the Abrikosov-Nielsen-Olesen vortex solu- 
tion [22 1 embedded [13, 14 1 into the electroweak theory^. The Z-vorticity number 
corresponding to the plaquette p = {x, \xv} is defined [^] as follows: 

°p = -^(xp-Op) , (5) 

where 6 P has been given in (|), and x P = Xx^v = Xx^ + Xx+jx,u ~ Xx+i>,n ~ Xx,u is 
the plaquette variable formed in terms of the Abelian links 

Xx,n = arg (^tVx,^x+p) ■ 

The Z-vortex is formed by links I = {x, p} of the dual lattice which are dual to those 
plaquettes p = {x, fiv} which carry a non-zero vortex number (^): *@x,p — e pfiv&x,fiv / 
2. One can show that Z-vortices begin and end on the Nambu (anti-) monopoles: 

S/x=l( &x—p,,iJ, ~ &x,ii) = jx- 

In order to understand the behavior of the embedded defects towards the contin- 
uum limit we studied also numerically so-called extended topological objects on the 
lattice according to Ref. (2J|. A similar approach has been pursued in Ref. [24], in 



which lattice vortices of extended size have been studied in the non-compact version 
of the 3D Abelian Higgs model. An extended monopole (vortex) of physical size 
k a is defined on k 3 cubes (k 2 plaquettes, respectively). The charge of monopoles 
j c ( k \ on bigger /c 3 cubes c(k) is constructed analogously to that of the elementary 
monopole, eq. (H), with the elementary lxl plaquettes in terms of V x>tl replaced by 
n x n Wilson loops (extended plaquettes). In the context of pure gauge theory, in 
the maximally Abelian gauge, this construction is known under the name of type-I 



b Note that there are two independent vortex solutions in the electroweak theory: Z-vortex and W- 
vortex, see Ref. [Q. In the limit of zero Weinberg angle 9w (which is considered in the present paper) 
both solutions coincide up to a global gauge transformation. If 9w ^ our construction (H) of the 
Z-vortex should be properly modified and complemented by one of the W-vortex. In fact, (pf) would 
then correspond to what is called there a IF-vortex solution. 
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extended objects. For the present model an alternative construction (type-II), ob- 
tained by blocking elementary topological objects, fails to lead to a good continuum 
description [pd]| . A more detailed definition of extended Nambu monopoles and 
Z-vortices can be found in Ref. |TT| . 



3 Defect Dynamics at the Crossover 
3.1 Density and Percolation 

First, we study the behavior of elementary Nambu monopoles and Z-vortices along 
a line in parameter space passing through the continuous crossover region. Monte 
Carlo simulations have been performed on cubic lattices of size L 3 = 16 3 at 0g = 12 
for self-couplings A3 corresponding to a Higgs mass = 100 GeV, see eq. (|l|). In 
our simulations we used the algorithms described in Ref. [|lj] which combine Gaussian 
heat bath updates for the gauge and Higgs fields with several reflections for the fields 
to reduce the autocorrelations. We varied the parameter fin in order to traverse 
the region of the crossover at given and 0g ■ 

At this stage we were interested in the behavior of the lattice Nambu monopole 
(Pm) an d Z-vortex {p v ) densities and of the percolation probability C for the Z- 
vortex as functions of (3h- For each lattice configuration, the densities p m and p v 
are given by 



73 £b" 



L 3 ^ Wei , 3L 3 

c v 

where c and p refer to elementary cubes and plaquettes; the monopole charge j c 
and the Z-vorticity a p are defined in (||) and (||), respectively. 

The percolation probability of the system of vortex lines *a (which typically can 
be decomposed into several lattice clusters) is defined as a limit of the following 



two-point function [25]: 



C = lim C(r) 

r— >oo 



c ( r ) = E <W<xw <Wa« • s (\ 



x — y\ — r 




where the summation is taken over all points x, y of the dual lattice with fixed 
distance and over all clusters of links carrying vorticity (i labels distinct vortex 
clusters). The Euclidean distance between two points x and y is denoted as \x — y\. 
The notation x E means that the vortex world line cluster passes through 
the point x. Clusters *a^' are called percolating clusters if they contribute to the 
limit C. 

Formula (||) corresponds to the thermodynamical limit. In our finite volume we 
find numerically that the function C(r) can be fitted as C(r) = C+Cor~ a e~ mr , with 
C, Co, a and m being fitting parameters. As we observed, m ~ a -1 in the explored 
region of the phase diagram, therefore we can be sure that finite size corrections 
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to C are exponentially suppressed. If C does not vanish on an infinite lattice then 
the vacuum is populated by one or more percolating clusters, each consisting of 
infinitely many dual links with non-vanishing vorticity. This implies the existence 
of a non-vanishing vortex condensate. If C turns to zero the vortex condensate 
vanishes according to this definition. 

In Figure 1(a) we show the ensemble averages of densities, (p m ) of Nambu 
monopoles and (p v ) of Z-vortices as a function of the hopping parameter f3u for 
Higgs mass M* H = 100 GeV at gauge coupling 0q = 12. Both densities vanish 
very smoothly with increasing hopping parameter /3h, (which corresponds to a de- 
creasing physical temperature). The percolation probability shown in Figure 1(b) 
vanishes at some value of the coupling constant 0h corresponding to a percolation 
temperature well above the temperature where the densities turn to zero. In fact, 
the percolation ends while the density of monopoles and vortices still amounts to 
some fraction of the densities of these objects deep in the symmetric phase. 

We interpret this by an analogy according to which the would-be Higgs phase in 
the crossover region (at temperatures below some crossover temperature) resembles 
a type II superconductor in so far as it can support thick vortices which cannot 
form infinite clusters. In Nature, in a real cooling process passing the crossover, the 
percolating cluster(s) that has (have) existed above the crossover temperature would 
have been broken into vortex rings or vortex strings connecting Nambu monopole 
pairs. 

It would be tempting to identify the crossover temperature with the percolation 
temperature if the latter has a well-defined meaning in the continuum limit. In 
order to explore whether the percolation effect persists approaching the continuum 
limit we have studied also extended topological objects (using the so-called type-I 
construction mentioned in Section 2). According to @ the physical size of the k 5 
monopoles (or the k 2 vortices) in simulations done at j3a = k /3q^ should be roughly 
the same for all k. Since we expect finite volume effects to be potentially more severe 
at = 100 GeV than at a strongly first order phase transition we were careful to 
keep also the physical size of the lattice fixed: at /3(j = k Pq we have performed 
simulations on lattices with a volume (k Lq) s , respectively. 

For the coarsest lattice we have chosen @q = (3q = 8 and L = Lq = 16. 
We show the behavior of the percolation probability near the crossover point on 
Figures 2(a,b,c) for k = 1,2,3, respectively. One can clearly see the existence of a 
percolation transition for each vortex size k. The actual value of the coupling 0^ rc 
corresponding to the percolation transition varies with k, similar to how /3^ ans was 
observed to change with f3c and L 3 at smaller Higgs mass (when there is a true first 
order phase transition). Also here, one can analogously define a physical percolation 
temperature T perc corresponding to /?^ erc . This temperature is found to become 
roughly independent of 0g (or the lattice spacing) with decreasing lattice spacing. 
That means that the defects popping up dynamically (as well as the corresponding 
percolation temperature) become increasingly well-defined when the lattice becomes 
fine-grained enough to resolve the embedded vortices as extended objects. This 
indicates that the percolation temperature has a good chance to possess a well- 
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defined continuum limit. Taking into account the perturbative relations between 
3-D and 4D quantities [26], T perc can be roughly estimated as 170 GeV or 130 GeV, 
dependent on which version of the 4Z? continuum S*C/(2)-Higgs theory is represented 
by the effective model, without fermions or with fermions including the top quark. 
The corresponding zero temperature Higgs mass Mjj would be 94 and 103 GeV in 
the respective theories. 

Notice however that for the finer lattices (bigger vortex size in lattice units) there 
appears a tail of small percolation probability before C finally turns to zero. This 
means that, still above the percolation temperature, the percolating clusters become 
more dilute, only a part of the lattice configurations actually contains a percolating 
cluster ("intermittent" percolation), and more and more smaller clusters appear. 



3.2 Cluster Statistics 

In order to look closer for the properties of the small vortex loops that populate 
the low temperature side of the crossover at not too low temperature, we have 
also measured the Monte Carlo ensemble average of the number of clusters per 
configuration and the average length per cluster. The behavior of these quantities for 
different k = 1,2,3 are qualitatively the same, therefore we present these quantities 
for the case of extension parameter k = 2. We show in Figure 3 results obtained 
for the corresponding lattice size 32 3 and gauge coupling 0q = 16: (a) the density 
of the Nambu monopoles and Z-vortices, (b) the average length C per Z-vortex 
cluster and (c) the average number M of Z-vortex clusters per lattice configuration. 

It is clearly seen from Figure 3(a) that in the region of the percolation transition 
(compare Figure 2(b) for k = 2 at /3^ erc sa 0.3432) the density of monopoles and 
vortices decreases smoothly with increasing (3jj. From Figure 3(b) one can conclude 
that the average length of the vortex clusters C decreases drastically while the 
average number of vortex clusters Af increases sharply (Figure 3(c)) already at 
somewhat smaller (3h- The latter reaches its maximum at 0^ rc ■ 

With the help of equation (J2j) and ~ gjT ~ 0.43T we get, choosing k = 2 and 
(3g = 16 as an example, a lattice spacing a = 1/(300 GeV). We can estimate the 
densities of k = 2 Nambu monopoles and Z-vortices in physical units. At the perco- 
lation temperature 170 GeV we get, for lattice densities p v = 0.14 and p m = 0.26, in 
the continuum a vortex density of (55 GeV) 2 and a monopole density of (93 GeV) 3 . 
Taking into account that, classically, the core widths of embedded defects are of the 
order of M^ 1 we conclude that vortices and monopoles are densely packed at the 
percolation transition and, as a result, their cores are strongly overlapping. After 
the percolation transition is completed, the open or closed vortex strings are very 
short: their mean length is roughly three times the classical vortex width. The 
average cluster length amounts to 5ka = 1/ (30 GeV) . 

Although these results characterize structures formed by thermal fluctuations 
within equilibrium thermodynamics, all facts suggest strongly that in a non-equi- 
librium cooling process the percolating cluster(s) and other bigger clusters decay 
near the percolation temperature T perc , primarily into small closed vortex loops 
which later gradually shrink and disappear with further decreasing of temperature 
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(increasing of 0h)- The detailed dynamics of this process requires thorough inves- 
tigations using non-equilibrium techniques. 

Note that even at /3h values far above the percolation point there is a long 
plateau in the average length per vortex clusters at a level of C ~ 2. A more detailed 
analysis of the field configurations shows in fact that here, below the percolation 
temperature, each configuration contains a large number (a few dozen, according 
to Figure 3(c)) of monopole-anti-monopole pairs connected by vortex trajectories 
of length 1 — 2 and only few additional closed vortex loops. As it was shown in 
Ref. |^7|, the sphaleron configuration (an unstable solution to classical equations 
of motion) contains in its center a monopole-anti-monopole pair connected by a 
short vortex string. It is suggestive to interpret at least some partf] of the open Z- 
vortex strings (which exist within some temperature interval below the percolation 
temperature with a small density) as sphalerons. 



3.3 Z— Vortices as Physical Objects 

In this Subsection we show that our construction of the Z-vortices on the lattice 
(|B|) defines objects resembling some characteristic features of the classical Z- vortex 
solutions in continuum. Our construction detects a line-like object with non-zero 
vorticity and there is no guarantee that this configuration has a particular vortex 
profile. However, as we show below, the lattice Z-vortices have some common 
features with the classical solutions. 

At the center of a classical continuum Z-vortex the Higgs field modulus is zero 



and the energy density reaches its maximum [15, 14]. If the vacuum is populated 
by vortex-like configurations then it would be natural to expect that along the axis 
of these configurations there will be a line of zeroes of the Higgs field and of points 
with maximal energy density. The simplest way to test how good this expectation is 
fulfilled is to measure the (squared) modulus of the Higgs field and the energy density 
near the dual vortex-carrying links defined by @ and compare these quantities with 
the corresponding bulk average values far from the vortex core^. 

Here we restrict ourselves to the case of elementary defects. This is the worst case 
in the sense that it obviously does not allow to define a profile of a defect resembling 
the continuum case. We will come back to the profile of an extended defect in 
a forthcoming publication. For the present purposes the non-vanishing of @ is 
simply used as a trigger to measure the above mentioned observables. We define 
the mean value of the modulus squared of the Higgs field inside the (elementary) 
vortex, < p 2 > in , as the average of ((fit'fix) over the corners of all plaquettes with 
up ^ (dual to the vortex-carrying links). For simplicity, the analogous quantity 
outside the (elementary) vortex, < p 2 > out , is obtained as the corresponding average 
over the corners of all plaquettes with ap = 0. Even more straightforward is the 



The vortex string inside the electroweak sphaleron is shown to be twisted |T^, p8fl . In our mea- 
surements we do not check the twist of the Z-vortex segments, therefore we are not able to relate all 
open vortex loops to sphalerons with confidence. 

d A similar method has been used to study the physical features of the Abelian magnetic monopolcs 
in non- Abelian gauge theories in Ref. P9[ . 
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definition of the corresponding averages of the gauge field energy as volume averages 
of 1 — ^TrlJp depending on whether up is equal to or different from zero. 

The quantities < p 2 >i nout are plotted vs. (3h for (5c = 8 in Fig. f§(a). One can 
clearly see that the modulus of the Higgs field is smaller near the vortex trajectory 
than outside the vortex for all values of the coupling (5h- In order to make clearer 
the different behavior of the quantities < p 2 > in out on both sides of the crossover 
we show in Fig. |4](b) the histograms of these quantities on the symmetric side 
(j3 H = 0.348) and the Higgs side (fi H = 0.356). 

On the symmetric side of the crossover (smaller (5h) the difference^] between 
quantities < p 2 >i n . out is much smaller than on the Higgs side (larger @h). This 
fact is natural, since on the symmetric side the vortices densely populate the vac- 
uum and vortex cores are overlapping while on the Higgs side of the transition the 
vortices are dilute. The value of the Higgs field modulus in the region between 
closely placed vortices is smaller than between far separated vortices. As to be ex- 
pected for elementary lattice vortices, < p 2 > in does not vanish. This is due to the 
relatively large lattice spacing which prevents that the Higgs field can be measured 
arbitrarily near the vortex axis. A detailed study of the vortex profile (and a local- 
ization of the Higgs zeroes) requires the extended vortex construction and is under 
investigation [3C]. 

The gauge field energies < 1 — Up >i n ,out are plotted vs. (3h in Fig. f§(c), the 
corresponding histograms are shown in Fig. ||(d) for the symmetric side (flu = 0.348) 
and the Higgs side (Ph = 0.356) of the crossover. Both figures show that the value 
of the gauge field energy near the vortex center is larger than in the bulk on both 
sides of the crossover. 

The results of this Subsection clearly show that Z- vortices are physical objects: 
vortices carry excess gauge field energy and the Higgs modulus decreases near the 
vortex center. Whether these thermal excitations really resemble the features of 
the classical continuum vortex solutions remains to be seen extending this study to 
finer lattices. 



4 Discussion and Conclusions 

Recently we have started to investigate numerically the behavior of Nambu mono- 
poles and Z-vortices in the SU(2) Higgs model at high temperatures within the 
dimensional reduction approach. This model is used as representative for the stan- 
dard model. Here we have extended our previous work to a region of Higgs mass 
where the model is known not to have a true thermal phase transition. We show 
that the 3D percolation transition that we have recently found to be a companion 
of the first order phase transition at low Higgs mass, still exists at the large but 
not unrealistic Higgs mass of Mh ~ 100 GeV. At temperatures above T perc ~ 170 
GeV (« 130 GeV for the more realistic case with the top quark included) space 



e Note, that only the difference between quantum averages of the squared modulus of the Higgs field 
(not the quantum average itself!) may be related to the continuum limit due to an additive renormaliza- 
tion, see Ref. p4j for a detailed discussion on this point. 
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is densely populated by large vortex clusters with one or few infinitely extended 
ones among them. This state is not thermodynamically relevant at lower temper- 
ature. Instead of very large clusters, a gas of closed vortex loops and monopolium 
bound states (Nambu monopole-anti-monopole pairs bound by Z-strings) prevails. 
Further below T perc , with decreasing temperature small vortex loops shrink and 
disappear while monopole-anti-monopole pairs still survive. In the spirit of our 
recent investigation of classical sphaleron configurations we would like to associate 
at least some part of these pairs with sphaleron-like configurations known to exist 
in the broken phase. Without going into details of specific mechanisms, we want to 
point out that the non-equilibrium break-up of infinitely extended electroweak vor- 
tex clusters into small closed loops with decreasing temperature is a prerequisite of 
some string-mediated baryon number generation scenarios [17, 18]. It is interesting 
to see that similar defect structures are realized within our effective Higgs model. 
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Figure 1: (a) Density p m of Nambu monopoles and p v of Z- vortices vs. hopping parameter 
Ph fc> r Higgs mass M* H = 100 GeV at gauge coupling f3 G = 12; (b) Percolation probability 
C of Z-vortex trajectories for the same parameters; the percolation transition happens 
at critical /^ crc w 0.3451. 
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Figure 2: Percolation probability C vs. fin for Z-vortices of size k 2 on lattices (16 k) 
gauge couplings (3q = 8/c, respectively, for (a) k — 1, (b) k — 2 and (c) A; = 3. 
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Figure 3: (a) Density p m of Nambu monopoles and p v of Z-vortices, (b) average length 
L per Z-vortex cluster and (c) average number M of Z-vortex clusters per lattice config- 
uration (all for size k — 2 objects with corresponding lattice size 32 3 and gauge coupling 
Pg = 16). 
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Figure 4: The squared Higgs modulus inside and outside of a zT-vortex: (a) vs. (3h~, (b) 
histograms on the symmetric = 0.348) and on the Higgs = 0.356) sides of the 
percolation transition. The same for gauge field energy: Figs, (c) and (d) respectively. 
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